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Abstract: A long existing issue for microdisk lasers is the small spontaneous emission coupling rate (β) 
in microdisk,. We found that it is due to the coupling of emitter spontaneous emission into competing 
Fabry-Perot (FP) modes in the microdisk cavity. Based on this analysis, we propose a new type of 
photonic crystal microdisk (PCM) laser to drastically suppress the photonic density of states in the 
vertical FP modes. As a result, we obtained a three fold increase of β than previously reported highest β 
of 0.15 at room temperature. The spontaneous emission control in truncated photonic crystals becomes 
efficient when the period number is more than one. We also demonstrate a three-stack PCM laser at 
low temperature with β as high as 0.72, which is 24 times higher than that in typical single microdisk 
(0.03), which also results in 50% threshold reduction. 
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1. Introduction and motivation 
Laser is an essential component in the optical communication, information storage [1] [2], and 
optical interconnect [3]. In these research fields, in order to achieve densely integrated photonic circuits, 
researchers have been pursuing semiconductor lasers in miniature dimension [4][5]. Consequently, 
semiconductor nanocavity laser has gained considerable attention [1] [2] [6]. Four categories of 
semiconductor nanocavity laser have been investigated in the past years, which are based on nanowires 
[7][8], plasmonics [9] [10], photonic crystals[11] [12], and microdisks [13] [14]. 
Ideally, an ultrahigh-efficiency semiconductor laser should have the following characteristics – 
high quality factor (Q), large spontaneous emission coupling factor (β), small device volume, and ease 
of integration. β is defined as the ratio of spontaneous emission into lasing mode to the total radiative 
emission; a large β will lead to reduced threshold for lasing. In this regard, different types of cavities 
mentioned above each has its own advantages and limitations. Microdisk laser is one of the promising 
nanocavity lasers [15], suitable for circuit integration [2] [16], with low cavity loss [13] and compact 
device size [14]. However current microdisks have unexceptional spontaneous emission coupling rate 
(β) [17] [18], e.g. the recent reported β for the microdisk laser was less than 0.15 [19] [20] [21]. The 
low β impedes the realization of high-performance light-emitting devices, such as thresholdless laser 
[22] and ultrahigh-efficiency single photon emitters [23] [24]. Moreover, there have been little progress 
and lack of clear direction as to how to improve β in microdisks [17] [18], especially in experiments 
[19] [21]. 
In this letter, based on the microdisk cavity, we propose a new cavity structure to largely improve 
spontaneous emission coupling efficiency to the lasing whispering gallery mode (WGM) mode in a 
microdisk. The vertical structure is a stack in the form of truncated one dimensional photonic crystal. 
Such laser structure will be termed Photonic Crystal Microdisk laser, or PCM laser in short. Room 
temperature lasing under optical pump has been achieved in the new PCM laser even with a diameter 
as small as 1.22 μm, and with a small mode volume of 0.06μm3. Such nanocavity laser, operated at 
room temperature, has a record high β of 0.5. Moreover, we show that more than one period of 
photonic crystal leads to strong spontaneous emission manipulation; and β is proportional to the 
number of the period. β for the three stack PCM laser can achieve up to a remarkable value of 0.72. 
Additionally, we show that the high β can decrease lasing threshold by more than 50% on InAs 
quantum dot laser device as compared with the single microdisk cavity, whose β is 24 times smaller 
than a three stack PCM. 
To analyze the origin of the small β for current microdisks and how to improve it, we start with 
rate equations that govern the photon and carrier dynamics in a laser cavity [23][25]: 
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where N is carrier density, S photon density, ߟ excitation efficiency; A,B and C are the coefficients for 
surface recombination, spontaneous emission, and Auger recombination, respectively; ߁ܩ represents 
the modal gain, and ߬௣௛ the photon lifetime. Spontaneous emission coupling rate β is represented in 
the following equation: 
ߚ = ఊ೗ೌೞ೔೙೒ఊ೗ೌೞ೔೙೒ାఊ೙೚೙೗ೌೞ೔೙೒             (3) 
, where ߛ௟௔௦௜௡௚	and	ߛ௡௢௡௟௔௦௜௡௚ are spontaneous emission enhancement factor into lasing and nonlasing 
modes, respectively [23][26][27]. They are expressed as follows: 
ߛ = ௰௰బ = ׬ܨ௔௩௘ߦ(ߣ)
ଵ
ଵାସொమ(ఒ ఒ೎ೌೡ⁄ ିଵ)మ ݀ߣ,          (4) 
where ߦ(ߣ) is normalized gain spectrum, Q the quality factor, and ܨ௔௩௘ the average Purcell factor, 
defined as average enhanced radiative rate of all emitters within a cavity relative to its value in 
free-space, which is defined differently from ܨ௖௔௩, maximal Purcell factor (detail in Part 1 of 
supplementary material). Writing this term explicitly is important in analyzing microcavity lasers 
because β is related to ߛ. According to Eq. (3), there are two extreme cases of the β [28]: ߛ௟௔௦௜௡௚ ≫
ߛ௡௢௡௟௔௦௜௡௚ and ߛ௟௔௦௜௡௚ ≪ ߛ௡௢௡௟௔௦௜௡௚. The former shows dominant spontaneous emission into lasing 
mode over nonlasing modes, whereas the latter vice versa.  
However, microdisks do not belong to either of the above cases. In microdisk laser, ߛ௟௔௦௜௡௚ and 
ߛ௡௢௡௟௔௦௜௡௚ are comparable, which lead to strong competition on spontaneous emission coupling 
between lasing mode and nonlasing modes. For instance, Fave and cavity mode Purcell factor Fcav for 
the WGM TE (10,1) mode in a single microdisk with diameter of 1.4um is calculated. Here 10 and 1 
denote the azimuthal and radial numbers, respectively. This WGM mode has a resonant wavelength of 
1.09μm and passive Q of 8600. The Fcav of this WGM mode is 171, while Fave is only 1.7. This 
close-to-unity Fave leads to small ߛ௟௔௦௜௡௚ of WGM modes. On the other hand, in a microdisk cavity, 
apart from the lateral WGM modes with the dielectric confinement in the vertical direction, there are 
also cavity modes localized at the center of the microdisk that are vertically confined by the 
Fabry-Perot (FP) resonances such as HE10 and HE11 having similar Fave to that of the TE (10,1) WGM 
(detail in Part 2 of supplementary material). The Fcav and Fave of HE10 mode are 20 and 2, while those 
of HE11 are 14 and 1.82, respectively. If WGM is the desired lasing modes, these FP modes with 
comparable Fave become competing modes, and therefore will significantly reduce the ratio of the 
spontaneous emission to the lasing modes. It is worth noting that the clarification of Fcav and Fave helps 
explain huge discrepancy between the calculated and experimental β in [20]. Since the spontaneous 
enhancement factor ߛ௟௔௦௜௡௚ over the whole disk is significantly moderated (or diluted) by the spatial 
mismatch between emitters and WGM mode distribution, β should be estimated based on Fave, but not 
Fcav. Hence the overestimation of the enhancement factor leads to inaccuracy in estimating the β. 
The primary reason for small β of WGM in microdisks is stated in the previous paragraph: strong 
competition between lasing and nonlasing modes. Clearly, to significantly improve β of the lasing 
WGM mode, suppressing radiation into all the non-desirable modes becomes crucial. This can be done 
by reducing ߛ௡௢௡௟௔௦௜௡௚. According to Fermi’s golden rule [28], manipulation of the photonic density 
of states controls spontaneous emission. Therefore, large β to the lasing mode can be achieved by 
minimizing the mode density of the other competing and non-lasing modes, e.g., the FP modes in a 
microdisk cavity. 
Photonic Crystal (PhC) structures are well known for their abilities to modify the photonic density 
of states (DOS) by engineering the photonic band structures. The mode density is strongly suppressed 
in the wavelength region within the forbidden band. It has been demonstrated that PhCs can manipulate 
optical mode density and the spatial distribution of the optical modes relative to the emitter by varying 
the position of the photonic bandgap [29]. In particular, photonic bandgap provides a promising 
approach to suppress the non-lasing modes efficiently [29] [30] [31] [32]. By inhibiting spontaneous 
emission into nonlasing modes, the spontaneous emission rate into the lasing mode will be enhanced. It 
has been reported to achieve very high β in one dimensional photonic crystal (1D PhC) laser [30]. 
 
2. Mode density suppression in truncated one dimensional photonic crystals 
Theoretically, the mode density can be modified effectively even by truncated 1D PhC [33], where the 
PhC structure is terminated by a bulk material with only finite pairs. Herein we first quantitatively 
investigate the mode density modification in a 1D PhC with different high-index and low-index pairs. 
Based on COMSOL simulation and calculation in [34], the mode density with various numbers of the 
1D PhC pair shows in Fig. 1(a). The parameters used in this calculation are period 600nm and duty 
cycle 50%. As expected, the DOS in a single disk is flat within the spectrum of interest, and therefore 
does not have effect on mode density suppression. This result indicates that, instead of coupling into 
lateral propagation modes, photons in a single stack microdisk prefer to emit through the channel of 
Fabry-Perot modes along vertical direction. Therefore, it leads to reducing the spontaneous emission in 
the WGM modes. In contrast, 1D PhC with more than two pairs of high-low index stacks can strongly 
suppresses the DOS along the vertical direction between the wavelength of 1050nm and 1400nm, 
where it is located in the photonic bandgap. 
To experimentally prove this idea, we conducted a micro -photoluminescence (μPL) measurement 
on a device shown in Fig. 1(b). The epitaxial structure of GaAs/InGaAs QWs/GaAs /Al0.75Ga0.25As 
/GaAs/ Al0.75Ga0.25As was grown with metal-organic vapour-phase epitaxy (MOVPE) technique on an 
n+ GaAs substrate by Landamark Technology Company. Two quantum wells (QWs) are located at the 
center of the top GaAs stack. The device is fabricated with selective wet etching of the AlGaAs layer to 
form undercut structures. The region with undercut forms truncated PhC due to large refractive index 
difference between the GaAs layers and the air gaps. The sample is measured with an excitation laser 
(Ti:Sapphire pulse laser) at region I and region II. By using the signal from region II as reference 
(detail in Part 3 of supplementary material), the density of states (DOS) in region I is characterized by 
the ratio of the signal from region I to that from region 2. Fig. 1(c) shows the calculated and measured 
ratio of DOS between region I (two pairs of GaAs/air stacks) and II. Both simulation and experiment 
show a spectrum valley between 900nm and 990nm. This is a clear evidence of DOS suppression in the 
1D PhC structure. The mismatch between simulation and the measurement results at wavelength of 975 
nm might be due to dramatic refractive index change of quantum wells, which is not considered in the 
simulation. On the other hand, the DOS for a device with single GaAs layer is shown in Fig. 1(c), 
which depicts a flat spectrum DOS ratio. Clearly, the DOS can be effectively modified in the photonic 
crystals with more than one pairs of dielectric stacks. The suppression of DOS in the vertical direction 
will help spontaneous emission coupling to the WGM modes more effectively. Also, the simulation of 
the spontaneous emission coupling rate into lasing WGM mode shown in the Part 4 of supplementary 
material leads to the same conclusion as this set of experiment. 
 
3. Photonic crystal microdisk (PCM) laser demonstration 
To boost β of the WGM modes in microdisk cavity, we propose a photonic crystal microdisk laser 
shown in Fig. 2(a). This device, consisting of multiple stacks of microdisks, is designed specifically to 
suppress the optical DOS in vertical direction and therefore to funnel most spontaneous emission into a 
lasing WGM mode. The multi-stack structure contributes to enhanced laser performance in the 
microdisk stack– lower threshold and larger β factor. 
First we performed finite difference time domain (FDTD) simulation of a two-pair photonic crystal 
microdisk cavity with diameter of 1.2μm and an undercut of 400nm. Herein we assume the lasing mode 
is TE dominant due to the dominant gain for TE mode in the quantum wells. Within the full width at 
half maximum (FWHM) of the InGaAs quantum well gain spectrum from 960nm to 980nm, it only 
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coupling rate to the lasing WGMs with small mode volumes, this structure may pave the way for 
high-efficiency mcrodisk lasers such as thresholdless laser and single photon source. 
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